Phosphorylation of photosystem II (PSII) reaction center protein D1 has been hypothesised to function as a signal for the migration of photodamaged PSII core complex from grana membranes to stroma lamellae for concerted degradation and replacement of the photodamaged D1 protein. Here, by using the mutants with impaired capacity (stn8) or complete lack (stn7 stn8) in phosphorylation of PSII core proteins, the role of phosphorylation in PSII photodamage and repair was investigated. We show that the lack of PSII core protein phosphorylation disturbs the disassembly of PSII supercomplexes at high light, which is a prerequisite for efficient migration of damaged PSII complexes from grana to stroma lamellae for repair. This results in accumulation of photodamaged PSII complexes, which in turn results, upon prolonged exposure to high light (HL), in general oxidative damage of photosynthetic proteins in the thylakoid membrane.
Introduction
Photosystem (PS) II is "an enzyme of life" and has produced all oxygen in the atmosphere by splitting water. Such strong oxidative chemistry in turn makes PSII extremely prone to photodamage in oxygenic atmosphere. Yet, the function of PSII does not get inhibited until the rate of light damage exceeds the rate of repair. Maintenance of the balance between the damage and repair of PSII requires dynamic regulation of the structure and function of the photosynthetic apparatus. According to current knowledge, PSII is the most dynamically regulated part of the light reactions in the thylakoid membrane. The basic unit of PSII is a monomer, which is composed of at least 30 different proteins (see review [1] ), and it undergoes dimerization to form functionally efficient PSII. PSII light harvesting system LHCII is composed of monomeric inner antennas and trimeric outer antennas (see review [2] ), arranged around PSII dimers in the grana and thus forming PSII supercomplexes [3] [4] [5] .
Several proteins of PSII are strongly and reversibly phosphorylated according to environmental cues (see reviews [6] [7] [8] ). LHCII phosphorylation has been shown to regulate the distribution of excitation energy between PSII and PSI but has no effect on the susceptibility of PSII to photoinhibition [9] [10] [11] . However, not only LHCII but also the PSII core proteins D1, D2, CP43, PsbH and TSP9 undergo redox regulated strong and dynamic phosphorylation cycle (see reviews [6] [7] [8] ). The light induced phosphorylation of the PSII core proteins, especially that of the D1 protein, has been connected to the regulation of PSII protein turnover upon photodamage and the repair of the damaged proteins [12] . The D1 protein is prone to photodamage always when photosynthetic light reactions are functioning due to the oxidative chemistry of P680 + and the water splitting apparatus. Rapid dynamic degradation of damaged D1 and de novo synthesis and insertion into PSII of the new D1 protein are prerequisites for survival of the water splitting photosynthetic organisms in the wide range of light intensities (see review [13] ). Initially, it was hypothesised that the damaged D1 is marked by phosphorylation, which then functions as a signal for migration of the damaged PSII from grana to stroma lamellas where D1 is degraded and the newly synthesized D1 is inserted into PSII [14] . The role of PSII core protein phosphorylation in PSII photodamage and repair was, however, recently challenged based on the investigations with stn8 and stn7 stn8 mutants that are impaired in phosphorylation of D1 or other PSII core proteins. Indeed, it was reported that permanent dephosphorylation of PSII proteins does not render the PSII centers more susceptible to photoinhibition and that the phosphorylation/dephosphorylation cycle is not crucial for D1 turnover and PSII repair [15] .
In the present study, the impact of PSII core protein phosphorylation to D1 protein degradation and to the high light susceptibility of PSII to photoinhibition in the stn8 and the stn7 stn8 mutants was addressed. It is demonstrated that in the course of illumination the degradation of the damaged D1 protein is retarded in the stn8 and the stn7 stn8 double mutants compared to WT or the stn7 mutant, and this in turn was shown to result from difficulties in the disassembly of the damaged PSII supercomplexes. Under prolonged high light stress, the stn7 stn8 mutant accumulated more of damaged PSII proteins and generated more oxidative stress than WT. The mechanism facilitating the repair of PSII in WT as compared to the stn7 stn8 mutant was found to reside in reversible dynamics of PSII oligomerization, enhanced by PSII core protein phosphorylation, thus allowing fluent migration of photodamaged PSII to stroma membranes for repair and detachment of damaged D1 from the core complex.
Materials and methods

Growth of plants and the high light treatments
WT Arabidopsis thaliana (L.) ecotype Columbia (Col-0) and the stn7 [11] , the stn8 [16] , the stn7 stn8 [15] , and npq4-1 [17] mutant plants were grown in phytotron under 100 µmol photons m − 2 s − 1 , 8 h photoperiod, relative humidity 70%. Mature rosette leaves from 4 to 6 weeks old plants were used for experiments. OSRAM PowerStar HQIT 400/D Metal Halide Lamps served as a light source both upon plant growth and in HL treatments. In HL treatments leaves were placed in a temperature-controlled chamber at 23°C and light was passed through a heat filter. Lincomycin (1 mM) treatment was given through cut petioles over night in darkness, followed by floating the leaves in the same solution during high light treatments.
Fluorescence measurements
PSII photochemical efficiency was determined as a ratio of variable fluorescence (F v ) to maximal fluorescence (F m ) measured from intact leaves with a Hansatech Plant Efficiency Analyser (King's Lynn) after a dark incubation of 30 min.
Isolation of thylakoids, BN-PAGE, SDS-PAGE and western blotting
Thylakoid membranes were isolated as described in [18] . Isolated thylakoids were solubilized in the presence of 6 M urea, and the polypeptides were separated by SDS-PAGE using 15% (w/v) acrylamide gels with 6 M urea [19] . For immunoblotting, thylakoids equivalent to 0.05-0.2 µg of chl, which was shown to give a linear response for used D1, D2, CP43 and Lhcb2 antibodies, were loaded to the wells. For BN gels, thylakoids were solubilized with 0.4% DM, an equivalent of 1.5 µg of chl was loaded in each well and the gels were run as described in [20] . After BN-PAGE run, the gels were incubated in transfer buffer (10 mM glycine, 12 mM Tris, 0.15% SDS, 20% MetOH) for 30 min to solubilize the protein complexes before transfer to the membrane. Polypeptides from SDS-PAGE and BN gels were transferred to an Immobilon-P membrane (Millipore, Bedford, MA), and the membrane was blocked with 5% (w/v) milk (Bio Rad) or 5% fatty-acid free bovine serum albumin (SigmaAldrich) for p-thr antibody (New England Biolabs). CP43 and Lhcb2 antibodies were purchased from Agrisera and the D1 and D2 antibodies were described previously [18, 21] . Proteins were immunodetected using a Phototope-Star Chemiluminescent kit (New England Biolabs).
Preparation of samples and detection of protein oxidation were performed according to the protocol of the Oxyblot protein oxidation detection kit (Intergen, Purchase, NY).
Results
STN kinase-dependent phosphorylation of PSII-LHCII proteins
In order to select the right PSII phosphorylation mutants for experiments of the susceptibility of PSII to photoinhibition and the degradation of D1 protein, we first tested the stn7, stn8 and stn7 stn8 mutants in their capacity of PSII protein phosphorylation at various light intensities. As reported earlier [15, 16] the stn7 mutant does not phosphorylate LHCII and the stn7 stn8 double mutant is incapable in phosphorylation of both the LHCII and the PSII core proteins under all different light conditions tested (Fig. 1) . The stn8 mutant, however, does not have as clear phosphorylation phenotype. Phosphorylation of LHCII occurs in stn8 as in WT, but the phosphorylation of PSII core proteins is not as completely blocked as in stn7 stn8, and the extent of core protein phosphorylation in stn8 is strongly dependent on environmental conditions (Fig. 1) . In leaves collected from darkness and low light (LL) intensity (30 µmol photons m − 2 s − 1 ) ( Fig. 1 ), considerable phosphorylation of PSII core proteins could be detected not only in WT and stn7 but also in stn8. Although the phosphorylation of PSII core proteins strongly decreased at high light in stn8, even after 2 h illumination at 1000 µmol photons m − 2 s − 1 some CP43 proteins were phosphorylated ( Fig. 1) , and when more protein was loaded into the gel even D1 phosphorylation could be detected (data not shown). Taken together, the fully active STN7-dependent phosphorylation pathway also participates in phosphorylation of the PSII core proteins under distinct environmental conditions and full inhibition of PSII core protein phosphorylation is achieved only in the stn7 stn8 double mutant. npq4-1 mutant was used as a control.
The lack of the PsbS protein dependent feed back de-excitation in npq4-1 mutant [22] amplified the changes in thylakoid protein phosphorylation as compared to WT, indicating decreased capacity to attain a redox balance when plants were transferred to different light intensities. Since stn7 stn8 was the only mutant that completely lacked the PSII core protein phosphorylation, and because the stn7 mutation as such does not have any influence on photoinhibition of PSII [11] or degradation of the D1 protein (Fig. 2 , see below), the stn7 stn8 was the most suitable mutant to study the role of PSII core protein phosphorylation in the susceptibility of plants to high light.
Degradation of the D1 protein in stn mutants at high light
Wild type Arabidopsis (WT) and the stn7, stn8 and stn7 stn8 mutant plants with defects in PSII core and LHCII protein phosphorylation, Fig. 1 . Phosphorylation of thylakoid proteins in WT, stn7, stn8 and stn7 stn8 mutants after 16 h dark treatment and after subsequent exposure to 30, 100 or 1000 µmol photons m − 2 s − 1 for 2 h. The npq4 mutant was used as an additional control.
Phosphorylation of thylakoid proteins was determined by immunoblotting with p-thr antibody, 0.4 µg of chlorophyll was loaded in each well. Representative data from three independent experiments.
were exposed to high light of 1200 µmol photons m − 2 s − 1 in the absence of lincomycin and to 800 µmol photons m − 2 s − 1 in the presence of lincomycin. After 2 h of illumination the contents of the PSII reaction center protein D1 was determined by immunoblotting. As shown in Fig. 2 , in the presence of protein synthesis inhibitor lincomycin, much less degradation of the D1 protein occurred in the stn8 and stn7 stn8 mutants as compared to WT and the stn7 mutant. After 2 h illumination in the presence of lincomycin, the amount of the D1 protein had decreased in WT and in the stn7 mutant over 50% but in stn8 and stn7 stn8 only a minor decrease, about 10%, was detected. The time course of PSII photoinhibition, on the contrary, was found to be more or less similar in all mutants and WT (Fig. 2B ).
In the absence of lincomycin the WT and all mutants maintained the protein levels equal to the dark control during the two hour illumination period under 1200 µmol photons m − 2 s − 1 ( Fig. 2A ).
Likewise no difference was observed in the course of PSII photoinhibition (Fig. 2B ).
Core protein phosphorylation facilitates the disassembly of PSII supercomplexes
To further elucidate the mechanism of delayed D1 degradation at high light in the stn8 and stn7 stn8 mutants with impaired phosphorylation of the PSII core proteins, we addressed the dynamics of the monomerization of the PSII complexes upon photoinhibitory illumination. For this purpose, we compared WT with the stn7 stn8 double mutant, which is the only stn mutant that cannot phosphorylate the PSII core proteins under any environmental condition (Fig. 1) . Thylakoid protein complexes from WT and the stn7 stn8 double mutant plants, illuminated in a range of different light intensities, were separated by BN gels.
In dark-treated plants, the distribution of PSII complexes between the monomers, dimers and supercomplexes was similar between the stn7 stn8 mutant and WT, as can be deduced directly from the BN gels and also after immunoblotting of the gels with the D1 and CP43 antibodies (Fig. 3A) . HL illumination in the presence of lincomycin to prevent the de novo synthesis of D1, resulted in WT in a rapid disassembly of the PSII supercomplexes (Fig. 3A) . This was accompanied by efficient degradation of the damaged reaction center protein D1 (Fig. 3B) whereas the D2 and CP43 proteins were degraded clearly more slowly. Similar treatment of the stn7 stn8 mutant did not result in such an efficient disassembly of the PSII supercomplexes (Fig. 3A) . Also the degradation of the damaged D1 protein was slowed down as compared to WT and occurred with the rate similar to that of the D2 and CP43 proteins (Fig. 3B, red curves) .
Photoinhibitory illumination gradually released also the CP43 protein from the PSII monomer complexes (Fig. 3A, right panel) . This process, however, occurred similarly in WT and the stn7 stn8 mutant, suggesting that the PSII core protein phosphorylation specifically affects the forces between the PSII complexes and has less effect on the forces between the individual proteins of the PSII monomer complex.
Role of PSII core protein phosphorylation upon long-term high light exposure
Clear difference in the degradation rate of D1 between stn7 stn8 and WT in the presence of lincomycin ( Figs. 2A and 3B) was not reflected as differential decrease in the PSII photochemical efficiency during short high light treatments in the absence of lincomycin (Fig.  2B) . This prompted us to modify the HL treatments so as to achieve a balance between damage and repair of PSII in WT in the course of illumination. Decreasing the photon fluence rate to 1000 µmol m − 2 s − 1 resulted in balanced PSII function in WT after 3 h illumination. Under similar illumination the photosynthetic efficiency of PSII centers in stn7 stn8 continued to decrease in the course of illumination. This treatment revealed a higher susceptibility of the stn7 stn8 mutant to photoinhibition of PSII as compared to WT (Fig. 4A) . Although lincomycin was not involved in the experiment, such prolonged HL treatment resulted in the degradation and net loss of the PSII core proteins. Intriguingly, despite more severe photoinhibition of PSII in the double mutant (Fig. 4A) , the net loss of the D1 protein was again slower in stn7 stn8 compared to WT (Fig. 4B ). This strongly suggested that the stn7 stn8 mutant accumulated damaged PSII reaction centers upon the HL illumination. To find out whether the damaged PSII centers in the stn7 stn8 mutant accumulate as PSII monomers or as PSII oligomers, the 2D gels were run from mutant and WT plants after 24 h HL illumination. In WT Arabidopsis the PSII complexes were nearly completely monomerized, whereas in the stn7 stn8 mutant most of the PSII cores were still in dimers and even in supercomplexes (Fig. 5) .
The thylakoid samples isolated in the course of the HL treatment of the stn7 stn 8 mutant and WT leaves were next subjected to analysis of protein oxidation in order to evaluate the production of reactive oxygen species (ROS) in leaves during illumination. As shown in Fig. 6 , during prolonged exposure to HL, the proteins of the photosynthetic machinery were more carbonylated in the stn7 stn8 mutant compared to WT, indicating higher production of ROS in the stn7 stn8 mutant than in WT.
Discussion
Phosphorylation has a central role in regulation of numerous cellular processes. Several thylakoid proteins in chloroplast, particularly those in PSII and LHCII, are reversibly phosphorylated by redox regulated pathways (see reviews [6, 7] ). Two kinases, STN7 and STN8, were recently identified and shown to be involved in PSII and LHCII protein phosphorylation [10, 15, 23] . STN7 has a profound role in phosphorylation of LHCII proteins but can also phosphorylate PSII core proteins ( Fig. 1) whereas STN8 has substantial specificity to PSII core proteins D1, D2, CP43, PsbH and TSP9 [16] . Thus, the most efficient inhibition of PSII core protein phosphorylation was demonstrated in the stn7 stn8 double mutant (Fig. 1) . Characterization of the stn7 stn8 double mutant made Bonardi et al. [15] conclude that the PSII core protein phosphorylation is not involved in regulation of the PSII photoinhibition repair cycle. This was against many earlier biochemical studies, which had strongly suggested a role for phosphorylation in regulation of the degradation of damaged D1 protein. In fact, the ) for 3, 6, 12 and 24 h and oxidation of thylakoid proteins was analysed by using OxyBlot™. 4 µg of chl was loaded to the reaction mixture. Representative data from three independent experiments. phosphorylated and photodamaged D1 protein had previously been shown to be a poor substrate for the D1 specific protease [24] and dephosphorylation to be a prerequisite for efficient D1 degradation. Such regulation was postulated to allow coordinated D1 protein degradation with the de novo synthesis and insertion of the new D1 protein into PSII. This was regarded important in plant chloroplasts where the damage and repair of PSII are spatially segregated to the grana and stroma membranes, respectively (see review [13] ).
By comparing our results with the work of Bonardi et al. [15] , it was possible to evaluate the role of PSII core protein phosphorylation in photoinhibition of PSII under high light conditions. Plants in [15] were exposed to high light stress (2000 µmol photons m
), which strongly exceeded the capacity to reach a balance in PSII damage and repair during illumination, yet a clear trend in results was a higher susceptibility to photoinhibition of stn8 and stn7 stn8 than WT or stn7 upon high light illumination. Here we show that this higher susceptibility of stn7 stn8 than WT to photoinhibition becomes more evident when the light intensity is less intense thus allowing the balance between damage and repair to be achieved during the HL illumination. Such higher susceptibility to photoinhibition was accompanied by enhanced oxidative damage of thylakoid proteins in stn7 stn8 compared to WT upon prolonged HL illumination (Fig. 6) . Another aspect to be considered is the degradation of the D1 protein during high light illumination in stn mutants and WT. Bonardi et al. [15] did not see any faster D1 turnover in stn8 and stn7 stn8 mutants as compared to WT, which was in conflict with our previous in vitro results obtained with isolated thylakoids [24] and at that time made us conclude that the damaged and non-phosphorylated D1 protein is more susceptible to proteolytic degradation than the phosphorylated one. Since the PSII repair cycle is extremely complicated in chloroplasts and several levels of regulation are present in vivo as compared to isolated thylakoids, we decided here to use the stn8 and stn7 stn8 mutants to directly test by immunoblotting the susceptibility of the phosphorylated and non-phosphorylated D1 to degradation. In these in vivo experiments concomitant PSII repair was inhibited with lincomycin ( Fig. 2) . Contrary to our previous results with isolated thylakoids [24] , already a short-term high light exposure of the stn mutants and WT plants revealed that the D1 protein is not degraded as efficiently in vivo in the stn8 and the stn7 stn8 double mutant as in the wild type and stn7. Moreover, a careful inspection of Fig. 3 in Bonardi et al. [15] also suggest slower degradation of D1 in stn8 and stn7 stn8 than in WT even though the light intensity was as high light as 2000 µmol photons m − 1 s − 2 . Why the damaged and non-phosphorylated D1 is degraded less efficiently than phosphorylated one? This is an intriguing question particularly because previously it was unambiguously demonstrated by in vitro illumination of isolated thylakoids that the phosphorylated D1 is a poor substrate for the D1 specific protease [24] . The difference between the in vivo and in vitro experiments probably lies at higher levels of regulation present in intact leaves and chloroplasts. In chloroplasts, the phosphorylated PSII core complexes are mainly present in the appressed grana membranes [25] where the PSII supercomplexes reside [3] and the monomerization of these complexes and migration to stroma lamellae are the prerequisites for targeted degradation of damaged D1 protein by the FtsH protease (see review [26] ). It was therefore important to address the role of PSII core protein phosphorylation in the management of reversible PSII oligomerization at HL. We show that in the stn7 stn8 mutant i.e. in the total absence of PSII core protein phosphorylation, the disassembly of PSII supercomplexes at HL occurs less efficiently than in WT with high PSII core protein phosphorylation (Figs. 3 and 5 ). Protein phosphorylation thus seems to have a crucial role in the monomerization process of PSII oligomers upon photoinhibition, thus facilitating the repair process.
D1 protein turnover requires strict coordination of the assembly and disassembly of PSII, which results in synchronized degradation and resynthesis of D1 [27] (see review [13] ). In order to make these reactions possible, the spatial segregation and monomer-oligomer organization of the PSII complexes along the thylakoid membrane must be flexible. In this interplay, the PSII core protein phosphorylation seems to play an important role under HL when rapid turnover is required. When the phosphorylation of PSII core proteins is missing Fig. 7 . Model proposing the impact of PSII core protein phosphorylation in the degradation of photodamaged PSII proteins. In vitro, P-D1 and P-D2 are poor substrates for the proteases [24] . This contradicts with the fact that in vivo the lack of phosphorylation retards the degradation of D1 (Figs. 1, 2 and 3) . Based on results presented here, it is now clear that the PSII core protein phosphorylation helps in the unpacking of PSII supercomplexes and dimers under high light, thereby facilitating D1 protein turnover: (i) Unpacking of PSII complexes allows photodamaged PSII monomers to migrate from grana to stroma lamellae where (ii) damaged D1 protein is first dephosphorylated by a still unknown phosphatase and (iii) then degraded by a D1 specific protease. It is also hypothesised that, upon arrival to stroma lamellae, the damaged PSII monomers come into contact with the immunophilin AtCYP38-phosphatase complex, which activates the phosphatase by releasing it from the contact with CYP38 [29, 30] . Dephosphorylated D1 is then degraded by the D1 specific protease. It is speculated that such a recognition of stroma migrated P-D1 by the AtCYP38-phosphatase complex is a prerequisite for the highly specific degradation of photodamaged D1. In the absence of PSII core protein phosphorylation, the prolonged exposure to HL results in accumulation of damaged PSII centers in grana, which in turn leads to generation of oxidative stress and to a damage of other thylakoid proteins as well (Fig. 5) .
(stn 7 stn8 mutant), the degradation of the D1 protein is impaired at HL and seems to occur at the same rate and most likely also by the same pathway as the other PSII core proteins, i.e. by the thylakoid house keeping proteases. In WT, on the contrary, D1 shows faster degradation than other PSII proteins. Indeed, it is plausible that the actual D1 repair cycle functions poorly in plant chloroplasts at very high light if the phosphorylation cycle of PSII core proteins is missing (Fig. 3) . It is conceivable that under extreme high light stress as in [15] where no balance between the damage and repair of PSII is achieved, the PSII centers in all stn mutants as well as in WT become photoinhibited with more or less similar rate and, under such severe illumination, also nearly independently of the repair cycle.
In line with our results showing higher susceptibility of stn7 stn8 than WT to photoinhibition, the knock out of the STN8 gene in rice and concomitant inhibition of PSII core protein phosphorylation, was recently shown to severely enhance the susceptibility of PSII to photoinhibition [28] . As depicted in Fig. 7 , we conclude that the physiological significance of PSII core protein phosphorylation is to facilitate the migration of damaged PSII centers from grana to stroma thylakoids. In stroma thylakoids the phosphatase, activated by a release of the CYP38 protein [29, 30] , then dephosphorylates the damaged D1 and makes it susceptible to degradation by a D1 specific protease.
